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Abstract: Elite para-cycling needs an overview of relevant and valid research to 

better understand and improve performance and to develop the sport, using 

evidence-based decision making. The aim of this scoping review was to 1) provide a 

research overview of performance and performance determining factors in elite 

para-cycling to aid coaches and elite athletes, and 2) highlight the gaps in the 

literature. Four databases (PubMed, SportDiscus, Scopus and MEDLINE) were 

systematically searched for studies on para-cycling performance and performance 

factors and 68 relevant studies were identified. Using a conceptual framework 

based on a power balance model, most studies were categorized as Athlete and 

Interface focused, while fewer studies focused on Equipment, External conditions, 

or Impairment. We found several practical matters regarding training, bike fitting, 

aerodynamics, and prosthetics design to help coaches and elite athletes to improve 

performance. However, more research is needed in all categories to improve 

performance and develop the sport. International collaboration among coaches, 

researchers, and governing bodies is vital to gain valuable research data. 

Keywords: bicycle; handcycle; Paralympic; power balance model; tandem; 

tricycle 
 

Introduction 

Paralympic cycling, or para-cycling, is a sport for cyclists with a physical impairment 

and consists of four divisions: Cycle, Handcycle, Tandem and Tricycle (Union Cycliste 

Internationale, 2020). Individuals are allocated to a division based on their impairment and 

the severity of the impairment. With fifty-one medal events at the Tokyo 2020 Summer 

Paralympic Games, para-cycling has become an increasingly competitive sport. This 

increased competitiveness demands increased scientific support for coaches and athletes to 

improve performance, but also to decrease the number of injuries, and improve the 

classification process.  

To explore performance determining factors in cycling, a power balance model (Van 

Ingen Schenau & Cavanagh, 1990) can be used, which incorporates power production, power 

dissipation, and change in kinetic energy. Several studies used power balance models in 

different sports to understand and improve performance (De Koning et al., 1999; Groen et 

al., 2010; Hettinga et al., 2012; Hofmijster et al., 2007). As the goal of the elite para-cyclist 

is to achieve the highest average race velocity possible, the power balance model can be used 

to identify factors that can be optimized to improve performance. These performance 

determining factors can be internal, related to power production, or external, related to 

power dissipation (Jeukendrup & Martin, 2001). Performance determining factors can also 
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be related to the interface between the athlete and the bicycle or tricycle used by the athlete 

(Van Der Woude et al., 2001), or to the impairments of the athletes. 

Several reviews on cyclists without disabilities (e.g., Faria et al. (2005a, 2005b); 

Jeukendrup and Martin (2001); Phillips and Hopkins (2020)) have addressed different 

factors related to improvements in elite cycling performance. However, due to individual’s 

impairments, elite para-cyclists tend to have different physiological properties and training 

abilities, and are positioned differently on the bicycle, compared to their counterparts 

without disabilities. They may, therefore, have different requirements for optimization of 

performance compared to elite cyclists without disabilities. Earlier work on Paralympic 

sports performance indicated the need for more specific research on elite athletes with a 

disability (Bachar & Douer, 2022; Keogh, 2011; Morrien et al., 2017; Perret, 2017). However, 

most para-cycling specific studies focused on rehabilitation, increasing mobility, or 

recreational sports (see Dyer (2016) for a recent review on cycling with a prosthesis and 

(Kraaijenbrink et al., 2021; Nevin et al., 2022; Stephenson et al., 2021) for recent reviews on 

handcycling), and not on performance enhancement of the elite para-cyclist. Furthermore, 

the validity of some of those studies has been questioned (Kraaijenbrink et al., 2021). 

Therefore, many studies on para-cycling have limited relevance for elite para-cycling. To 

date, a clear overview of relevant para-cycling studies indicating practical implications and 

identifying the gaps in research, is lacking. 

The aim of this scoping review therefore is to provide coaches and elite para-athletes 

with practical advice to understand and improve para-cycling performance, and to help 

improve the development of the sport by addressing available knowledge and knowledge 

gaps.  

Materials and Methods 

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses Extension 

for Scoping Reviews (PRISMA-ScR) guidelines (Tricco et al., 2018) were used to examine 

the literature on performance characteristics in para-cycling. As a basis for eligibility, the 

article had to 1) have original empirical data, 2) be published in peer-reviewed literature in 

English language, 3) focus on at least one of the four divisions of para-cycling, and 4) focus 

on elite or world-class para-cycling performance characteristics, describing performance, 

physiological, biomechanical, or other traits, or, 5) focus on performance enhancements that 

could have a direct impact on elite para-cycling performance, meaning that the enhancement 

should be able to affect the performance of a para-cyclist when implemented (relevance). All 

articles that met the eligibility criteria were further screened for the following exclusion 

criteria: 1) articles with no association to cycling, 2) non-original articles, 3) articles 

including children or adolescents (less than 16 years old), 4) methodological studies (e.g., 

studies on validity and reliability of test protocols or instruments), and 5) conference 

abstracts of which the data were also part of a full text journal article to avoid duplicity. 

Four databases were consulted in the search: PubMed, SportDiscus, Scopus and 

MEDLINE. Using the electronic search strategy stated below, these databases were searched 

for publications up to September 2023. Results were checked for duplicates and imported in 

Endnote (X9, Clarivate Analytics, New York, USA). Google Scholar was used as a secondary 

source to identify any missing articles and to consider any citations made by already 

identified literature. 

The electronic search strategy included a general set of keywords was generated, e.g., 

“para-cycling”, “handcycle”, “amputation AND cycling”, “tandem AND cycling”, or 

“tricycling”, each with different variants of writing (e.g., “tricycling” OR “tricycle” OR 

“tribike” OR “tricyclist”), and each set was entered into the databases. Full details of the 

search strategy can be found in Appendix A.  
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After the initial search, studies with no association to cycling were excluded, as were 

nonoriginal studies, and studies including children (less than 16 years old). The remaining 

studies were uploaded to Rayyan (Ouzzani et al., 2016), from where titles, abstracts, and full 

texts were independently assessed by two authors (AS & IJ) for potential relevance, based 

on the inclusion and exclusion criteria. Studies that AS and IJ could initially not agree on 

were discussed by the two authors until a consensus was reached. A third author (TWJJ) 

made the final decision when the two authors could not reach a consensus.  

Studies were categorized based on a conceptual power balance model for para-cycling 

performance, which served as a framework to group the studies (Figure 1). Studies with the 

goal to observe, predict, increase, or manipulate the internal power (Pi), being the sum of 

anaerobic and aerobic metabolic power (Van Ingen Schenau & Cavanagh, 1990), were 

grouped under the Athlete factor. Studies with the goal to observe power output (Po) or 

aimed at optimizing Po, being the mechanical power of the athlete transferred onto the 

bicycle, were grouped under the Interface factor. The same is true for studies on the gross 

mechanical efficiency (eg), which is the ratio between Po and Pi. Studies on power loss in the 

power balance model and on observing or manipulating internal, rolling, or air resistance, 

or the equipment used, were grouped under the Equipment factor. For each included paper, 

aims, number and sex of the participants, participant performance level and impairment, 

division, study design, and a summary of the most important findings were described. 

Athlete 

Age and sex 

Expertise 

Physical 

factors: 

Aerobic power 

Anaerobic 

power 

Anthropometry 

Distribution of 

power output 

Muscle fiber 

distribution 

Nutrition 

Psychological 

factors 

Interface 

Gross 

mechanical 

efficiency 

Bike 

configuration 

Pedaling 

technique 

Position on/in 

the bike 

Propulsion 

mechanism 

Equipment 

Bike design and 

configuration 

Bike type 

Clothing 

Drive chain 

efficiency 

Helmet 

Internal 

resistance 

Rolling 

resistance 

Air resistance 

Mass 

Prosthetic/ 

orthotic 

External 

conditions 

Course 

characteristics 

(distance, 

terrain, 

elevation, etc.) 

Gravitational 

resistance 

Influence of 

opponents 

Race conditions 

(temperature, 

air pressure, 

relative 

humidity, wind 

velocity and 

angle) 

Impairment 

Para-cycling division, sports class, and impairments 

Performance 

Velocity 

Result of 

factors related 

to Athlete, 

Interface, 

Equipment and 

External 

conditions 

Pi dE/dt= d(1/2mv2)/dt eg Po Pd X ebike X = - = 

Figure 1. Conceptual power balance model of para-cycling performance.  
Abbreviations: Pi: internal power, eg: gross mechanical efficiency, Po: power output, ebike: drive chain 
efficiency, Pd power dissipation, dE/dt=d(1/2mv2)/dt: the change in kinetic energy of the cyclist. 
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Determination of participant performance level in each study was based on criteria of 

classification for cyclists (Jeukendrup et al., 2000), guidelines for classifying participant 

groups in sport-science research (De Pauw et al., 2013; Decroix et al., 2016) and indirect 

descriptive data in the articles regarding the level of competition, past achievements, etc. 

Physiological indicators, such as maximal oxygen uptake and peak power output, were not 

used to classify participants, as these are generally affected by impairments (Perret & Abel, 

2016), and clear reference values for all para sport classes are currently lacking. Participants 

who were not untrained, but with otherwise unknown training level, were categorized as 

“trained”, while para-cyclists who had trained for more than two years, at least three times 

and a minimum of five hours per week, in a frequent manner, were grouped as “well-

trained”. Para-cyclists who trained at least four times and a minimum of eight hours per 

week were classified as “elite”. Finally, para-cyclists that competed at the highest competitive 

level were classified as “World-class”. 

Results 

The flow of records identified, screened, deemed eligible, included, and excluded is in 

Figure 2. Of the 3373 records initially identified, 69 articles were included for this review, 

and eight articles were added after screening of the reference lists of the selected articles 

(total n = 77). The largest body of research focused on the Athlete (n = 28 papers) followed 

by Interface (n = 20), Equipment (n = 17), Impairment (n = 15), and External conditions (n 

= 1). Six papers covered more than one aspect of the power balance model. No studies were 

found that could be grouped under Performance velocity. Most relevant articles included 

handcyclists (n = 43 papers), followed by cyclists (n = 23), tandem cyclists (n = 11) and 

tricyclists (n = 4).  

From the further analyses, 29 (38%) of these studies included female and male 

participants, 26 studies (33%) included male only participants, and 11 studies (14%) were 

male case studies, whereas two were female case studies (3%). In eight studies (10%) the sex 

of the participants was not defined, and in 10 studies (13%) no participants were involved, 

as they were modelling and simulation studies. In total 520 (22%) females and 1760 (73%) 

males participated in the selected studies, and for 5% (n = 119) of the participants, their 

gender was not reported. When race observations were excluded, the number of participants 

that volunteered for these studies were 153 (19%) females and 671 (81%) males. 

There were several types of studies included. The randomized controlled, case-control, 

or crossover design studies with cyclists with an impairment mostly involved well-trained 

para-cyclists or a mix of trained, well-trained, and elite para-cyclists. (i.e.. Alkemade et al. 

(2023); Arnet et al. (2014); Childers and Gregor (2011); Englert et al. (2018); Fischer et al. 

(2014); Flueck et al. (2019); Goosey-Tolfrey et al. (2008); Leicht et al. (2010); Malwina et al. 

(2015); Mason et al. (2021); Nevin et al. (2018); Runciman et al. (2015); Stone et al. (2019c); 

Wright (2015)). The cross-sectional or case studies were mostly of descriptive nature. 

Researchers observed the athlete during races or training and described their physiological 

traits (Abel et al., 2006; Antunes et al., 2022; Boer & Terblanche, 2014; Menaspa et al., 2012; 

Sanders et al., 2022), biomechanical traits (Barrat, 2011; Belloli et al., 2014; Brickley & 

Gregson, 2011; Burkett & Mellifont, 2008; Stone et al., 2019c), training load (Zeller et al., 

2017), or performance differences (Borg et al., 2022; Dyer, 2018; Liljedahl et al., 2023; 

Liljedahl et al., 2021; Lima et al., 2021; Muchaxo et al., 2020; West et al., 2015). 
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Figure 2. Flow diagram of articles identified, included, and excluded. 

Some of the studies with elite to World-class para-cyclists had a limited number of 

participants, yet a few studies contained larger groups of high-level athletes (n=23-168) 

(Liljedahl et al., 2023; Muchaxo et al., 2021; Muchaxo et al., 2022; Muchaxo et al., 2023; 

Nooijen et al., 2021; West et al., 2015). These studies were all performed in collaboration 

with the Union Cycliste Internationale (UCI), where measurements were done preceding 

UCI World Cups and UCI World Championships. Unlike the descriptive studies, which have 

increased in number over the past 18 years, there are few experimental studies with elite to 

World-class para-cyclists (Alkemade et al., 2023; Englert et al., 2018; Goosey-Tolfrey et al., 

2008). The most relevant findings in literature related to the different parameters of the 

power balance model are described below. 

Studies related to performance factor “Athlete” 

Descriptive findings on Athlete orientated studies can be found in Table 1. Observational 

studies related to the Athlete can be divided in two groups, namely case-studies (Abel et al., 

2006; Barrat, 2011; Graham-Paulson et al., 2018; Menaspa et al., 2012; Sanders et al., 2022; 

Zeller et al., 2017) and cross-sectional studies (Antunes et al., 2022; Boer & Terblanche, 

2014; De Groot et al., 2023; Flueck, 2020; Lepers et al., 2013; Nevin & Smith, 2021b; Nooijen 
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et al., 2021). Case studies varied from a biomechanical analysis in sprint cycling with a 

below-knee prosthetic limb (Barrat, 2011) to an analysis of the training load of a female 

Paralympic handcyclist (Zeller et al., 2017). Cross-sectional studies varied from interpreting 

body composition (Flueck, 2020) to the correlation of sprint power and time trial 

performance (Nooijen et al., 2021). 

Interventional studies with highly trained, elite, and World-class para-cyclists, with the 

goal to increase Pi (e.g., by means of training or nutrition), were limited and inconclusive, as 

some studies had a very heterogeneous population (Englert et al., 2018; Kennedy et al., 

2018), did not include performance measurements (Kennedy et al., 2018), did not include 

information on the sex of the participants (Nevin et al., 2018), or had no control group (Kim 

et al., 2017). This made it hard to deduct conclusions relevant towards a specific sports class. 

In some studies, either the training intervention might have been too strenuous, as was the 

case in Leicht et al. (2010), where respiratory warm-up impaired the performance in those 

with paraplegia, or the dosages were inappropriate, such as in Flueck et al. (2019), where the 

acute dosage of beetroot or nitrate was too low to improve performance in handcycling. 

Finally, an already high fitness level of the participants might have resulted in a ceiling effect, 

as was the case in Fischer et al. (2014), where respiratory muscle training did not result in 

an improved performance in handcyclists. 

In tandem cycling, a difference was found in performance at the 1 km time trial between 

cyclists with the most limited eyesight (classified as B1 and B2) and those who have little 

remaining eyesight (B3) (Lima et al., 2021). The authors suggested that this could be 

attributed to an impaired proprioception and reduced use of the ankle during pedalling in 

the B1 cyclists. These differences in performance most likely are not caused by differences in 

impairment related opportunities for training. Malwina et al. (2015) compared the training 

progress of cyclists with visual disability who could not train independently outdoors with 

matched cyclists with visual disability who could train independently outdoors. They found 

no differences in training progress after seven months of training between the two groups, 

which suggests that the ability to train independently does not explain the difference in 

performance between B1/B2 and B3 tandem cyclists. It should be noted that impairment 

classification was not reported by Malwina et al. (2015). 

The two studies on the effect on performance of training 60 min per day in hypobaric 

hypoxia for two weeks (Kim et al., 2017; Park et al., 2020) had no control group and a small 

number of participants. On the other hand, the randomized controlled trial training study 

by Nevin et al. (2018) found some benefits for concurrent endurance and strength training 

over endurance training alone in handcycling, although the included training groups were 

also small and heterogeneous. This exemplifies the difficulties in training studies and the 

gap in knowledge on how to train specific groups. Case studies such as those of Abel et al. 

(2006); Menaspa et al. (2012); Zeller et al. (2017) could provide more insight into the 

training habits and physiology of successful athletes, but cannot indicate if a different 

approach would have yielded other results.  
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Table 1. Athlete related studies. 

Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

Abel et al. 

(2006) 

Describing physiological 

data of a handcycle 

marathon. 

1 0 1 4 SCI H Case study Power 

output 

Actual race data. 

Antunes et 

al. (2022) 

Analyzing physiological 

and perceptual responses 

during an interval 
workout at critical speed. 

8 2 6 4 Paraplegia, 

tetraplegia 

H Cross-sectional 

study 

VO2peak Endurance interval training 

around critical speed could 

be a beneficial training 
intensity for handcyclists. 

Barrat 

(2011) 

The effect of a below-

knee prosthetic limb on 

sprint cycling 
performance. 

1 0 1 5 TTA C Case study Crank 

torque and 

power 

Similar crank power 

between the normal and the 

prosthetic limb, but the 
relative contribution of hip 

transfer power was larger 

in the prosthetic limb. 

Boer and 
Terblanche 

(2014) 

Ventilatory threshold to 
intensity, and predicting 

20 km TT performance. 

9 1 8 4 Amputations, CP, VI B, 
C, 

T 

Cross-sectional 
study 

20 km TT; 
average and 

peak power 

Similar heart rate at 
ventilatory threshold and 

during a 20 km TT, peak 

power output correlates 
best with TT. 

Englert et 

al. (2018) 

Ego depletion in elite 

athletes performing a 

familiar task. 

13 6 7 4 CP, VI, 

underdeveloped limb 

B, 

C 

Randomized- 

crossover 

design 

6-km TT Ego depletion had the 

largest effect on the power 

output at the beginning of 
the TT. 

Fischer et 

al. (2014) 

Investigating the impact 

of respiratory muscle 
endurance training on 

lung function and 

exercise performance in 

athletes with high lesion 
level paraplegia. 

12 2 10 3 Acute traumatic and 

complete lesion at 
the level of the 

thoracic vertebrae 

(ASIA A and ASIA 

B) 

H Case-control 

study 

Simulated 

TT 

Four weeks of respiratory 

muscle endurance training 
did not alter resting lung 

function or exercise 

performance. 
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Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

Flueck et 
al. (2019) 

Investigating the 
influence of a single dose 

of either beetroot juice or 

sodium nitrate on 
performance in a 10 km 

TT in individuals 

without disabilities and 
para-cyclists. 

22 0 22 3/2 SCI H Randomized, 
placebo-

controlled, 

single-blind, 
cross-over study 

Simulated 
10 km TT 

No effect of nitrate 
supplementation on 10 km 

TT performance.  

Flueck 

(2020) 

To retrospectively 

interpret body 

composition in various 
wheelchair athletes. 

69   4 Paraplegic, 

tetraplegic and 

non-spinal cord 
injury 

H Cross-sectional 

study 

N/A Lowest fat mass was found 

in para-cycling athletes. In 

tetraplegic athletes, 
difference in fat-free mass 

between left and right arms 

correlated with the upper 
extremity motor score. 

De Groot et 

al. (2023) 

Investigating the external 

and internal workload of 

trained handcyclists and 
compare their results 

with a World-class 

handcyclist. 

11 0 11 2/5 SCI, CP, 

transfemoral 

amputation, 
paralyzed lower leg 

H Cross-sectional 

study 

POmean, 

Mountain 

TT 

Laboratory outcomes 

POpeak and PO at VT2 are 

important performance 
determinants for longer 

time trials in handcyclists. 

Graham-
Paulson et 

al. (2016) 

Studying the effects of 
caffeine on cycling/ 

handcycling 10 km TT 

performance in habitual 
caffeine users. 

11 0 11 2 Without disabilities H Double-blind, 
placebo-

controlled, 

repeated 
measures 

10 km TT Caffeine significantly 
improved 10 km TT 

performance in cycling but 

not in handcycling.  

Graham-

Paulson et 

al. (2018) 

Dose response of 

caffeine on 20 km TT 

performance in a Para-
triathlete. 

1 0 1 3 Paraplegia (T7, 

ASIA A) 

H Case study 20 km TT Caffeine improved 20 km 

TT performance of an elite 

male Para-triathlete. 

Kennedy et 

al. (2018) 

Effect of massage 

therapy. 

9 2 7 4 SCI, amputation, 

stroke, traumatic 
brain injury, 

C, 

H, 
T 

Quasi-

experimental, 
convergent, 

N/A Significant improvement in 

sleep and muscle tightness. 
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Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

impairment in lower 
limb, CP 

parallel, mixed-
methods design  

Kim et al. 

(2017) 

2-week intermittent 

hypoxic training on 
performance. 

3   3 Incomplete cervical 

SCI, incomplete 
lumbar SCI, brain 

lesion 

n/a Time series 14-km TT 5.1%, 16.0% and 4.4% 

faster TT after the training 
period. 

Leicht et al. 

(2010) 

Investigating the effect 

of respiratory warm-up 
on handcycle 

performance. 

9 0 9 3 Paraplegia H Randomized-

crossover 
design 

Time-to-

exhaustion 

Respiratory warm-up 

impaired performance. 

Lepers et 

al. (2013) 

Examining performance 

trends in NY City 
marathon for wheelchair 

(WC) and handcycle 

(HC) athletes in the 
period from 1999 to 

2010. 

776 141 635 N/A N/A H Cross-sectional 

study 

Time Average race time 

difference between female 
and male winners from 

1999 to 2010 was 32% SD 

= 16%. 

Liljedahl et 

al. (2023) 

To study the relationship 

between lower limb 
Manual Muscle Tests 

and cycling performance. 

56 12 44 4 Impaired muscle 

strength and/or range 
of movement, 

transtibial 

amputation, 
transfemoral 

amputation 

C Cross-sectional 

study 

Race speed Manual Muscle Tests were 

associated with isometric 
push strength and dynamic 

push and pull strength, and 

these were associated with 
para‒cycling performance. 

Lovell et al. 

(2012) 

1) Examining the 

cardiorespiratory 
responses of trained SCI 

handcyclists during 

maximal arm cranking. 
2) Determining best 

predictors of 20 km race 

performance. 

20 0 20 4/1 SCI H Case-control 

study 

eg, POpeak The trained men had 

significantly higher eg at 50 
W (14.15% SD = 2.0%) 

and 80 W (17.2% SD = 

2.6%) compared to the 
untrained men (50 W: 

12.5% SD = 1.8% and 80 

W: 15.7% SD = 2.1%). 
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Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

Malwina et 
al. (2015) 

Investigating the effects 
of 7-month training on 

aerobic and anaerobic 

capacity in tandem 
cycling athletes with and 

without visual 

impairment. 

26   3 Visual impairment 
which precluded 

independent cycling 

B Case-control 
study 

Sprint 
power  

Visual impaired and 
properly sighted tandem 

cyclists showed similar 

rates of improvement in 
maximal oxygen uptake 

and sprint power output 

after 7-month training. 

Menaspa et 
al. (2012) 

Describing the physical 
fitness of a top-level 

lower limb amputee 

cyclist and para-cycling 
time trial race demands. 

1 0 1 5 Unilateral 
transfemoral amputee 

C Case study Mean 
power 

Physical fitness of a 
transfemoral amputee 

trained cyclist can exceed 

that of age-matched people 
without disabilities. 

Muchaxo et 

al. (2022) 

Determining the 

association between 

isometric upper-limb 
strength and performance 

outcome. 

59 13 46 4 Tetraplegia, 

Paraplegia, Amputee, 

Neurological 

H Cross-sectional 

study 

POmean, 

POpeak, TT 

Isometric strength 

outcomes are adequate 

sport-specific indicators of 
impairment in handcycling 

classification. 

Muchaxo et 
al. (2023) 

Determining the impact 
of closed-chain and 

open-chain conditions on 

the peak upper limb 

force produced by elite 
handcyclists. 

62 13 49 4 Tetraplegia, 
Paraplegia, Amputee, 

Neurological 

H Cross-sectional 
study 

N/A Pull strength is higher in 
handcyclists when they can 

actively form a closed 

chain using their legs. 

Nevin et al. 

(2018) 

Investigating the effects 

of an 8-week concurrent 
strength and endurance 

training program in 

comparison with 

endurance training only 
on handcycling 

performance. 

8   3 Bilateral above knee 

amputation, triple 
amputation, TTA, 

paraplegia, chronic 

degenerative 

condition of the 
lower limbs 

H Randomized 

controlled trial 

30 km TT Both concurrent and 

endurance training only 
can result in meaningfully, 

greater improvements in 

several key determinants of 

hand cycling performance. 
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Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

Nevin and 
Smith 

(2021b) 

Determining relation 
between upper-body 

strength and handcycling 

performance. 

13 0 13 2 Bilateral in the knee 
amputation, triple 

amputation, 

paraplegia (T1-T10) 

H Cross-sectional 
study 

TT Large correlation between 
relative upper-body 

strength and TT velocity. 

Nooijen et 

al. (2021) 

Sprint power and time 

trial performance. 

168 44 124 4 N/A C, 

H, 

T 

Cross-sectional 

study 

TT Sprint power is related to 

TT performance. 

Park et al. 
(2020) 

2-week training program 
in hypobaric hypoxia on 

performance. 

6 2 4 2 Blind, cognitively 
impaired, SCI 

B, 
H 

Time series 3 km TT 3 km TT performance 
increased with an average 

of 4.4%.  

Sanders et 

al. (2022) 

Describing the 12-month 

preparation of a multiple 
medal-winning 

Paralympic cyclist. 

1 0 1 5 Limited right arm 

function 

C Case Study Critical 

power test, 
TT 

Demonstration of how a 

multidisciplinary team of 
specialist practitioners 

successfully prepared an 

elite Paralympic cyclist 

Wright 

(2015) 

Investigating the pacing 

strategy adopted during 

the 1-km TT and 500-m 

TT in elite C1 to C3 
male and female para-

cyclists. 

68 21 47 5 N/A C Case-control 

study 

Split-time 

500 m and 

1 km TT 

Pacing strategies for para-

cyclists in both the 

women’s 500 m TT and the 

men’s 1 km TT showed 
similar patterns to elite 

competitors without 

disabilities. Split times 
demonstrated a positive 

pacing strategy. 

Zeller et al. 

(2017) 

Analyzing the training 

intensity distribution and 
the total training load of 

a multiple female 

Paralympic medalist. 

1 1 0 5 Lesion level: L2-3 

incomplete, ASIA C 

H Case study POpeak 433:53 hours in 45 weeks. 

71.6% SD = 14.9% in Zone 
1; 15.2% SD = 8.0% in 

Zone 2; 13.1 SD = 5.5% in 

Zone 3. POpeak increased 
with 11%. 

Abbreviations: N = number of total participants; f = number of female participants; m = number of male participants; PL = performance level (1-5: 1=untrained; 2=trained; 3=well-
trained; 4=elite; 5=World-class); SCI = spinal cord injury; TTA = unilateral trans tibial amputation; ASIA = American Spinal Injury Association; CP = cerebral palsy;; VI = visual 
impairment; Div = Division (B = Tandem; C = Cycling; H = Handcycling; T = Tricycling); VO2peak = peak oxygen uptake; TT = time trial; POmean = mean power output; eg = gross 
mechanical efficiency; POpeak = peak power output; VT2 = secondary ventilatory threshold



European Journal of Adapted Physical Activity 2024, 17, 2; doi: 10.5507/euj.2023.009  12 of 39 

eujapa.upol.cz 

Studies related to performance factor “Interface” 

Descriptive findings on Interface orientated studies can be found in Table 2. There are 

a number of studies on the effect of adaptations to the handcycle to improve power output, 

that have relatively large participant groups and a clear research design, but most of these 

studies are with untrained or trained participants without disabilities (Abel et al., 2015; 

Kouwijzer et al., 2018; Kramer et al., 2009a; Kramer et al., 2009b; Vegter et al., 2019; Zeller 

et al., 2015). However, four similar studies were also done with trained to elite level 

handcyclists (Arnet et al., 2014; Goosey-Tolfrey et al., 2008; Mason et al., 2021; Stone et al., 

2019b). The most recent study concerning Interface (Mason et al., 2021) highlights the 

differences found between untrained handcyclists without disabilities, who produced 

greater torque during the pull phase (Vegter et al., 2019), and trained handcyclists who 

produced greater torque in the push phase (Mason et al., 2021), indicating a difference in 

technique between untrained and trained handcyclists. Also, some studies were performed 

with ergometer handcycles (Kramer et al., 2009a) and touring handcycles (Goosey-Tolfrey 

et al., 2008), which differ distinctly from the handcycles used by elite handcyclists, as these 

bikes require a seated posture, while elite handcyclists perform in a much more recumbent 

position.  

The handcycling research performed by Abel et al. (2010); Groen et al. (2010); Mason 

et al. (2021); Stone et al. (2019b, 2019c), with trained handcyclists using race handcycles is 

most useful and applicable for coaches and athletes interested in Paralympic cycling 

performance. From these studies, it can be concluded that no statistical significant relation 

was found between upper limb kinematics and performance (Abel et al., 2010; Mason et al., 

2021). In addition, optimal crank length could not be determined, as crank lengths between 

150 and 180 mm had no differentiating effect on performance, although kinematics were 

significantly different for different crank lengths (Mason et al., 2021). Differences in 

kinematics and power output were also found between elite and well-trained handcyclists, 

even when handcycle configurations were similar (Stone et al., 2019c). Changing handcycle 

configuration could improve performance, as a horizontal crank fore-aft position was found 

to be the most economical (oxygen uptake at 70% peak power output) at 97-100% of arm 

length in well-trained handcyclists (Stone et al., 2019b), while another study found an 

optimal crank position of 94% (Vegter et al., 2019). It should be noted that the latter study 

involved untrained participants without disabilities. 
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Table 2. Interface related studies. 

Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

Abel et al. 

(2010) 

Providing specific 

information on upper body 

kinematics in elite athletes. 

13   4 N/A H Cross-

sectional 

study 

Paralympic 

TT 

No significant relationship 

between the examined 

parameters describing 
shoulder and elbow joint 

kinematics and performance 

parameters. 

Abel et al. 

(2015) 

Examining effect of three 

different grip positions on 

physical parameters during 

handcycling in a laboratory 
setting. 

21 6 15 2 Without 

disabilities 

H Randomized-

crossover 

design 

Power output No differences between three 

different grip positions 

(horizontal, vertical, and 

diagonal) when handcycling at 
maximum intensity.  

Arnet et al. 

(2014) 

Identifying optimal 

handcycle setups. 

13 4 9 2-4 SCI H Randomized-

crossover 
design 

eg A higher backrest resulted in 

less shoulder load with 
increasing eg. The best crank 

position could not be 

identified. 

Barrat (2011) The effect of a below-knee 
prosthetic limb on sprint 

cycling performance. 

1 0 1  TTA C Case study Crank torque 
and power 

Similar crank power between 
the normal and the prosthetic 

limb, but the relative 

contribution of hip transfer 
power was larger in the 

prosthetic limb. 

Burkett and 

Mellifont 
(2008) 

Individual bicycle 

adjustments protocol. 

6 1 5 4 CP, VI, 

Amputation 

B, 

C 

Cross-

sectional 
study 

Power output A system to improve bike 

setup can improve 
performance. 

Goosey-

Tolfrey et al. 

(2008) 

Determining the effect of 

crank length and cadence 

on eg
. 

8 0 8 4 Diverse H Randomized-

crossover 

design 

eg Crank length has effect on eg 

in handcycling. 

Groen et al. 

(2010) 

Demonstrating the 

applicability of the power 

balance model to elite 

4 2 2 4-5 Incomplete SCI, 

above knee 

double 

H Cross-

sectional 

study 

eg Power output in handcycling 

can described as 0.20v3+2.90v 

(W), where v is velocity. 
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Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

handcycling and to obtain 
values for gross efficiency. 

amputation, post 
traumatic 

dystrophy 

Kopacz et al. 
(2014) 

Performing movement 
analysis of tandem track 

cyclists using a video-based 

system. 

4   3 N/A B Cross-
sectional 

study 

N/A Significant hip joint difference 
on the track when compared to 

static observation on a trainer, 

while all other measured joints 

were comparable. 

Kopacz et al. 

(2016) 

Evaluating the level of 

muscle tension in tandem 

track cyclists on a trainer 
and the track. 

4 2 2 N/A Aphakia, 

nystagmus, 

myopia, and VI 

B Cross-

sectional 

study 

N/A Muscle tension was found to 

be higher on the track than on 

the trainer. 

Koutny et al. 

(2013) 

Investigating the effects of 

length adjustment of the 

crank on the kinematics and 
muscle activity. 

1 0 1 3 TTA C Case study Crank force Crank length adjustments 

influence the geometric 

deviations between the 
movement of prosthetic and 

healthy limbs during cycling. 

Kouwijzer et 

al. (2018) 

Assessing the effects on 

performance and 
physiological responses of 

making a closed chain in 

handcycling.  

10 3 7 1 Without 

disabilities 

H Multiple 

crossover 
design 

POpeak at 

isokinetic 
sprint 

The ability to make a closed 

chain improved handcycling 
sprint performance. 

Kramer et al. 

(2009b) 

To determine effect of 

different hand angles on 

force and work distribution. 

25 7 18 1 Without 

disabilities 

H Multiple 

crossover 

design 

Power output Hand angle had most effect on 

pull-down and lift-up sections 

of the crank. 

Kramer et al. 
(2009a) 

Determining the effects of 
crank length and width on 

maximal performance. 

21 5 16 1 Without 
disabilities 

H Multiple 
crossover 

design 

Power output Crank width did not influence 
maximal power. Optimal 

crank length is 26% of 

forward reach ratio. 

Litzenberger 
et al. (2016) 

Identifying the effects of a 
change of backrest position, 

crank height, and crank 

length on kinematics and 

1 0 1 4 Paraplegic H Case study N/A There is no clear indication 
that a change in any of the 

investigated parameters of the 
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Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

muscular activity of an elite 
handcyclist. 

setup would directly lead to an 
improvement for the athlete. 

Mason et al. 

(2021) 

Determining effect of crank 

length on physiological and 
biomechanical aspects at 

fixed handgrip speeds. 

9 1 8 3 Complete SCI 

(T4–T11), 
incomplete spinal 

lesion (T8), 

lower limb 

amputees, CP 

H Multiple 

crossover 
design 

Torque Crank length has effect on 

peak torque, angle at peak 
torque, and range of 

movement, but not on 

physiological parameters. 

Mazzola et 

al. (2012) 

Determining the effects of 

seat and handgrips 

adjustments on handcycling 
performance. 

1   N/A N/A H Case study Drag area The best compromise can be 

achieved with the seatback 

adjusted in the intermediate 
inclination and the shorter 

hand grip levers. 

Stone et al. 

(2019a) 

Exploring how handcycling 

experts (elite handcyclists, 
coaches, support staff, and 

manufacturers) perceived 

aspects of recumbent 
handcycle configuration to 

impact upon endurance 

performance. 

14 3 11 Ex-

perts 

Mixed H Qualitative 

study 

N/A Optimizing the handcycle for 

comfort and stability, 
primarily via backrest padding 

and power production, the 

position of the shoulders 
relative to handgrips and crank 

axis, were critical. 

Stone et al. 
(2019b) 

Determining the effects of 
horizontal crank position on 

economy and upper limb 

kinematics in recumbent 
handcycling. 

15 2 13 3 Complete SCI 
(T6–T11), 

incomplete SCI 

(T5–L1), lower 
limb amputees, 

CP, fibromyalgia 

H Cross-over 
study 

N/A Positioning the cranks at 97% 
to 100% of the athletes' arm 

length improved handcycling 

economy at 70% POpeak. 

Stone et al. 

(2019c) 

Evaluating and comparing 

the upper limb kinematics 
and handcycle 

configurations of 

recreational and 
competitive recumbent 

13 0 13 4/3 N/A H Cross-

sectional 
study 

Sprint power Larger extension of shoulders 

(~5°) and flexion of thorax 
(~10°) at training and 

competition intensities while 

an increase in scapular 
posterior tilt (~15°, P < 0.05) 
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Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

handcyclists, during sport‐
specific intensities. 

only occurred at competition 
intensity. No kinematic 

differences during sprinting. 

Vegter et al. 
(2019) 

Investigating the effect of 
four different crank fore-aft 

positions.  

12 0 12 1 Without 
disabilities 

H Cross-over 
study 

eg The crank position closest to 
the trunk (94%) seems to be 

advantageous. 

Zeller et al. 

(2015) 

Examining the influence of 

a noncircular chainring 
compared with a 

conventional circular 

chainring on handcycling 
performance. 

11 0 11 1 Without 

disabilities 

H Cross-over 

study 

POpeak, peak 

and average 
power output 

during sprint 

No performance improvement 

with non-circular chainring. 

Abbreviations: N = number of total participants; f = number of female participants; m = number of male participants; PL = performance level (1-5: 1=untrained; 2=trained; 3=well-
trained; 4=elite; 5=World-class); SCI = spinal cord injury; TTA = unilateral trans tibial amputation; CP = cerebral palsy;; VI = visual impairment; Div = Division (B = Tandem; C = 
Cycling; H = Handcycling); TT = time trial; eg = gross mechanical efficiency; POpeak = peak power output 
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Studies related to performance factor “Equipment” 

Descriptive findings on Equipment orientated studies can be found in Table 3. One 

group of authors did extensive research on aerodynamics in handcycling and tandem cycling 

(Mannion et al., 2018a, 2018b; Mannion et al., 2019a, 2019b; Mannion et al., 2019c; 

Mannion et al., 2019d; Mannion et al., 2019e). Using computational fluid dynamics and 

wind tunnel tests, many different effects on aerodynamics were determined that could 

directly be implemented by athletes and coaches. In handcycling for instance, Mazzola et al. 

(2012) had suggested using front and rear disc wheels to reduce aerodynamic drag, but 

Mannion et al. (2018b) further elaborated on this and indicated that disc wheels increase 

lateral forces and create a low-pressure region between the rear wheels (Mannion et al., 

2019a). Therefore, a front disc wheel and high-rim spoked wheels constitute the best wheel 

configuration for handcyclists (Mannion et al., 2019e). In tandem cycling, according to the 

studies, the most aerodynamic tandem setup is one where the pilot is in time trial position, 

with a maximum torso angle of 25o, and the stoker clenching the frame below the saddle of 

the pilot, with a torso angle lower than that of the pilot (Mannion et al., 2018a; Mannion et 

al., 2019b). An aerodynamics study performed by Dyer et al. (2022b) in a wind tunnel with 

real tandem cyclists confirmed these limitations, as the coefficient of variation during the 

test with one tandem couple was higher than 2%, which was considered unacceptable, as it 

exceeded the maximum coefficient of variation of 2% as recorded by cyclists without 

disabilities (García-López et al., 2008).  

Other findings for elite athletes and coaches regarding Equipment come from studies 

on prosthetic design in those with a lower-leg prosthesis. From the studies, an 

aerodynamically shaped lower-leg prosthesis (airfoil design) can reduce time trial time by 

0.4-1.8% (Childers et al., 2015; Dyer & Disley, 2020), and up to 4.9% when pedalling 

asymmetry is minimized (Childers et al., 2015), while these prostheses can be made with 

lower mass than the standard round prosthesis (Dyer & Woolley, 2017).  
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Table 3. Equipment related studies. 

Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

Baur et al. 

(2008) 

Biomechanical performance 

characteristics of an athlete 

with paresis of the peroneal 
muscle, and the effect of an 

orthosis 

1 1 0 4 SCI C Case study Power 

output 

Orthoses increase ankle stability 

Belloli et 
al. (2014) 

Investigating the effect of the 
athlete on aero-dynamic drag. 

2 0 2 5 N/A H Case study Drag area Large differences in between 
aerodynamic position and 

pedaling position. These were 

negligible in MH2. 

Childers 
et al. 

(2015) 

Understanding the effect of a 
TTA on Olympic 4-km 

pursuit performance 

N/A   N/A TTA C Modelling 4-km 
pursuit 

time 

Cyclists with a TTA can 
theoretically be as fast as an 

Olympic cyclist without 

disabilities. 

Dyer and 
Disley 

(2020) 

Optimizing aerodynamic 
design of prosthetics 

1 0 1 4 Unilateral lower 
limb amputation 

C Case study Drag area Prostheses that had a deep airfoil 
design were more aerodynamic 

than those with a round section. 

Dyer and 
Woolley 

(2017) 

Developing a prosthetic limb 
for competitive cycling 

1 0 1 4 Unilateral lower 
limb amputation 

C Case study Mass An airfoil shaped prosthetic, 
with reduced mass and evaluated 

at the exercise intensity of the 

cyclist’s events. 

Dyer 
(2018) 

Determining the differences 
between C4 cyclists with a 

lower-limb prosthesis and 

those that do not 

116 0 116 4-5 Lower-limb 
amputation and 

other C4 related 

impairments 

C Cross-
sectional study 

1-km TT 
time 

No difference between C4 
cyclists with a lower-limb 

prosthesis and opponents in the 

same class that do not require a 
lower-limb prosthesis. 

Dyer et al. 

(2022a) 

Developing a prosthetic limb 

for elite para-cycling using 

3D printing 

1 0 1 4 Upper-limb 

amputation 

C Case study N/A Successfully developed a high-

performance prototyped arm 

prosthesis using 3D printers. 

Dyer et al. 

(2022b) 

Determining aerodynamic 

drag in live tandem para-

cyclists in a wind tunnel 

4 2 2 4 VI B Case study Drag area Greatest improvements trough 

aerodynamic interventions were 

lowering front handlebars 
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Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

(7.4%) and lowering heads of 
both riders (5.3%). 

Groen et 

al. (2010) 

Demonstrating the 

applicability of the power 
balance model to elite 

handcycling and to obtain 

values for gross efficiency 

4 2 2 4-5 Incomplete SCI, 

above knee double 
amputation, post 

traumatic 

dystrophy 

H Cross-

sectional study 

eg Power output in handcycling can 

be described as 0.20v3+2.90v 
(W), where v is velocity. 

Mannion 
et al. 

(2018b) 

Analyzing the aerodynamics 
of competitive handcycling 

under crosswind conditions 

using wind-tunnel 
experiments and 

Computational Fluid 

Dynamics simulations 

N/A   N/A N/A H Aerodynamics 
study 

Drag area The drag in a road setup 
increased by 14.1% from 0 to 15 

yaw, but TT setup increased 

3.3%, from 0 to 5 yaw. The 
lateral force in the TT exceeded 

the drag at 20 yaw by 5.6 times, 

in comparison to 1.6 times for 

the road setup. 

Mannion 

et al. 

(2019c) 

Determining the impact of 

arm-crank position on the 

drag of a Paralympic 
handcyclist 

N/A   N/A N/A H Aerodynamics 

study 

Drag area The 3 and 12 o’clock positions 

(when observed from the left 

side) yielded the highest drag 
area at 0 yaw, while the 9 

o’clock position yielded the 

lowest drag area for all yaw 

angles . 

Mannion 

et al. 

(2019e) 

Determining handcycling 

wheel aerodynamics.  

N/A   N/A N/A H Aerodynamics 

study 

Drag area A front disc wheel in 

combination with rear spoked 

wheel with 55 cm spacing was 
the most aerodynamic. 

Mannion 

et al. 

(2019a) 

Determining the effect of 

wheel size on aerodynamic 

drag 

N/A   N/A N/A H Aerodynamics 

study 

Drag area Drag reductions of up to 8.9% 

were found when utilizing 20-

inch diameter spoked wheels, 
opposed to the 26-inch wheels. 

Mannion 

et al. 

(2018a) 

Analyzing aerodynamic drag 

acting on two tandem road 

N/A   N/A N/A B Aerodynamics 

study 

Drag area The most aerodynamic tandem 

setup was found to be the frame-

clench setup. 
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Study Aims N f m PL Impairment Div Study design Perf. M. Summary of findings 

race setups and two tandem 
track time trial setups 

Mannion 

et al. 
(2019b) 

Studying the aerodynamics of 

tandem cyclists considering 
23 different torso angle 

combinations 

N/A   N/A N/A B Aerodynamics 

study 

Drag area Increasing the torso angle more 

than 25° for either athlete caused 
detrimental effects on the frontal 

drag area of the tandem setup. 

Mannion 

et al. 
(2019d) 

Investigating the drag and 

lateral forces at yaw angles 
between 0◦-20◦ using full-

scale computational fluid 

dynamics 

N/A   N/A N/A B Aerodynamics 

study 

Drag area Frontal drag area was 0.311 m2 

for 0◦ yaw, which increased to 
0.337 m2 at 15◦. Reduction in 

drag was found at 20◦ with a 

frontal drag area of 0.305 m2. 

Riel et al. 
(2009) 

Design of a specifically made 
prosthesis kit 

1 0 1 5 Trans-humeral 
amputation 

C Case study N/A Prosthetic arm that can be used 
in all disciplines. 

Mazzola 

et al. 
(2012) 

Determining the effects of 

seat and handgrips 
adjustments on handcycling 

performance 

1   N/A N/A H Case study Drag area The best compromise can be 

achieved with the seatback 
adjusted in the intermediate 

inclination and the shorter hand 

grip levers. 

Seo and 
Eda 

(2018) 

Determining the influence of 
the phase difference between 

the crank angle of the pilot 

and that of the stoker on the 
drag on a tandem bike 

N/A   N/A N/A B Aerodynamics 
study 

Drag area Drag was found to be the lowest 
when the crank of the stoker was 

60o behind the crank of the pilot. 

Solazzi et 

al. (2022) 

To evaluate the performance 

of a handcycle fork made 

from carbon-fiber composite 
material compared to 

traditional aluminum model  

N/A   N/A N/A H Case study Drag area The handcycle fork reduced 

weight with 30% and increased 

aerodynamic efficiency with 
58%. 

Abbreviations N = number of total participants; F = number of female participants; M = number of male participants; PL = performance level (1-5: 1=untrained; 2=trained; 
3=well-trained; 4=elite; 5=World-class); SCI = spinal cord injury; TTA = unilateral trans tibial amputation; VI = visual impairment; Div = Division (B = Tandem; C = Cycling; 
H = Handcycling; T = Tricycling); Perf. M. = performance measure; eg = gross mechanical efficiency; TT = time trial; MH = men handbike sports class
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Studies related to performance factor “Impairment” 

Descriptive findings on Impairment orientated studies can be found in Table 4. In three 

studies race velocities were compared between the different classes in road race (Borg et 

al., 2022; Muchaxo et al., 2020) and men’s 1 km time trial on the track (Liljedahl et al., 

2021). They found that in men, race velocities differed significantly (p<0.01) between 

consecutive C classes (C1-C2, C2-C3, C3-C4), but not between C4 and C5, while no 

differences were found between consecutive women C classes, probably due to the lower 

number of participants (Borg et al., 2022; Liljedahl et al., 2021). Significant differences 

(p<0.01) were also found between consecutive H classes, but not between H4 and H5 

(Muchaxo et al., 2020). Lastly, men and women’s T1 and T2 performances in the road race 

were also found to be significantly different (p<0.001)(Borg et al., 2022). This indicates 

that the performance in para-cycling is hierarchical for the athletes with the greatest 

impairments, with lowest performance with the most severe impairments (C1, C2, H1, H2, 

T1, T2), but that no performance differences were found for the athletes with the least 

severe impairments (C4, C5, H4, H5).  

Based on their study Muchaxo et al. (2020) suggest that there is no justification based 

on average velocity for the current cutoffs between the least impaired classes. To be able to 

better relate impairment to performance and sport classes, some researchers have started to 

investigate the relation between different impairments and performance abilities in para-

cycling (trunk function on handcycling performance (Muchaxo et al., 2021; Muchaxo et al., 

2022; Muchaxo et al., 2023); muscle strength on cycling performance (Liljedahl et al., 

2023); sprint power on para-cycling performance (Nooijen et al., 2021). However, the results 

are inconclusive, as the impact of specific impairments on performance, such as cycling with 

one or two legs with and without upper body impairment, is yet unknown, and more research 

is needed to come to an evidence-based classification system in para-cycling. 
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Table 4. External conditions and Impairment related studies. 

Study Aims N f m PL Impairment Div Study des. Perf. M. Summary of findings 

Alkemade 

et al. 

(2023) 

Comparing the effect of 

hot-humid environmental 

conditions on performance 
between athletes with and 

without disabilities. 

40 21 19 4 Lower limb 

deficiency, n =9 

(unilateral n =5, 
bilateral n =4), SCI 

(paraplegia), n =4 

VI, n =2, Other 
physical 

impairments, n =5 

N/A Mixed 

crossover 

design 

POpeak, 

TTE 

Similar heat-induced 

performance decrements 

between elite athletes with 
and without disabilities. 

Borg et al. 

(2022) 

Describing cycling and 

tricycling performance in 
international para-cycling 

road race events between 

2011 and 2019. 

523 112 411 4 N/A C, 

T 

Cross-

sectional 
study 

Mean race 

velocity 

Statistical difference between: 

MC1-MC2; MC2-MC3; 
MC3-MC4; MT1-MT2; WT1-

WT2. No statistical 

differences between other 
adjacent classes. 

Brickley 

and 

Gregson 
(2011) 

Investigating differences in 

torque production of an 

elite cyclist with CP. 

1 0 1 5 CP C Case study Mean 

peak 

torque in 
each leg 

Significant differences in 

torque production between 

legs, which decreased as 
cadence increased 

Childers et 

al. (2011) 

1) Quantifying the amount 

of pedaling asymmetry in 
cyclists with a TTA; 2) 

Investigating the effect of 

prosthetic foot stiffness. 

17 3 14 2-5 TTA C Non-

randomized 
controlled 

trial 

N/A Cyclists with a TTA have 

greater pedaling asymmetry 
than cyclists without 

disabilities and depend more 

on their sound limb for force 

and work production. 

Childers et 

al. (2015) 

Understanding the effect 

of a TTA on Olympic 4-

km pursuit performance. 

N/A   N/A TTA C Modelling 4-km 

pursuit 

time 

Cyclists with a TTA can 

theoretically be as fast as an 

Olympic cyclist without 
disabilities. 

Dyer 

(2018) 

Determining the 

differences between C4 

cyclists with a lower-limb 

116 0 116 4-5 Lower-limb 

amputation and other 

C Cross-

sectional 

study 

1-km TT 

time 

No difference between C4 

cyclists with a lower-limb 

prosthesis and opponents in 
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Study Aims N f m PL Impairment Div Study des. Perf. M. Summary of findings 

prosthesis and those that 
do not. 

C4 related 
impairments 

the same class that do not 
require a lower-limb 

prosthesis. 

Liljedahl et 
al. (2021) 

Determining the 
differences in race 

performance between para-

cycling classes. 

111 0 111 5 N/A C Cross-
sectional 

study 

1-km TT 
time 

Each adjacent class, except for 
C4 and C5, presented 

statistically significant 

differences in average time 

trial speed. C1-C2 and C4-C5 
both have an overlap in range 

of performances. 

Liljedahl et 
al. (2023) 

Determining relation 
between dynamic and 

isometric leg strength and 

performance. 

56 12 44 4 Leg impairments: 
impaired muscle 

strength and/or 

impaired passive 

range of motion 

C Cross-
sectional 

study 

TT Degree of lower limb 
impairments have impact on 

sprint power and race 

performance. 

Lima et al. 

(2021) 

Determining differences in 

visual disability on 1-km 

time trial performance. 

427 176 251 4 VI B Cross-

sectional 

study 

1-km TT B3 athletes performed better 

compared to B1 and B2. 

Muchaxo 
et al. 

(2020) 

Determining differences in 
TT performance between 

handcycling classes. 

353 70 283 4 N/A H Cross-
sectional 

study 

TT Significant differences in race 
performance in consecutive 

recumbent classes. 

Muchaxo 
et al. 

(2021) 

Determining relation 
between trunk function 

and performance. 

81 17 64 4 SCI H Cross-
sectional 

study 

TT, Force Trunk function and flexion 
strength have minor impact on 

time trial performance. 

Muchaxo 

et al. 
(2022) 

Determining the 

association between 
isometric upper-limb 

strength and performance 

outcome. 

62   4 Tetraplegia, 

Paraplegia, 
Amputee, 

Neurological 

H Cross-

sectional 
study 

POmean, 

POpeak, 
TT 

Isometric strength outcomes 

are adequate sport-specific 
indicators of impairment in 

handcycling classification. 

Muchaxo 
et al. 

(2023) 

Determining the impact of 
closed-chain and open-

chain conditions on the 

peak upper limb force 

62   4 Tetraplegia, 
Paraplegia, 

Amputee, 

Neurological 

H Cross-
sectional 

study 

N/A Pull strength is higher in 
handcyclists when they can 

actively form a closed chain 

using their legs. 
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Study Aims N f m PL Impairment Div Study des. Perf. M. Summary of findings 

produced by elite 
handcyclists. 

Runciman 

et al. 
(2015) 

Sprint cycle performance 

of elite Paralympic athletes 
with CP during a fatiguing 

maximal cycling trial 

compared to well-trained, 

sprint performance-
matched athletes without 

disabilities. 

21  21 4 CP C Case-control 

study 

Power 

output 

Sprinters without disabilities 

produce more power than 
sprinters with CP, but fatigue 

index and muscle activation 

level is similar. 

Watanabe 
et al. 

(2020) 

Describing neuromuscular 
activation of lower 

extremity muscles in two 

cyclists with single leg 

amputation and one cyclist 
with two legs during 

pedaling. 

3 1 1 4 Single-leg 
amputation 

C Case study N/A Characteristic neuromuscular 
coordination in the muscles 

contributing to hip and knee 

flexion joint moments during 

the pulling phase to 
compensate the lack of hip 

and/or knee extension torque 

from contralateral leg. 

West et al. 

(2015) 

Relationship between level 

of injury, completeness of 

injury, resting as well as 

exercise hemo-dynamics, 
and endurance 

performance in athletes 

with spinal cord injury. 

23 0 23 3-5 SCI (cervical and 

thoracic) 

H Cross-

sectional 

study 

TT Higher seated systolic blood 

pressure and superior TT 

performance with a thoracic 

SCI compared with a cervical 
SCI. Cyclists with cervical 

autonomic incomplete SCI 

were faster than cyclists with 
cervical autonomic complete 

SCI. 
Abbreviations N = number of total participants; f = number of female participants; m = number of male participants; PL = performance level (1-5: 1=untrained; 2=trained; 3=well-
trained; 4=elite; 5=World-class); SCI = spinal cord injury; VI = visual impairment; CP = cerebral palsy; TTA = unilateral trans tibial amputation; Div = Division (B = Tandem; C = 
Cycling; H = Handcycling; T = Tricycling); Study des. = study design; Perf. M. = performance measure; POpeak = peak power output; TTE = time to exhaustion; TT = time trial; 
POmean=mean power output; MC = men cycling sports class; MT = men tricycle sports class; WT = women tricycle sports class
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Discussion 

 This scoping review aimed to provide an overview of relevant studies for elite para-

cycling performance and to identify gaps in research. It shows the diversity of the field of 

para-cycling research, consisting of athletes with many different impairments and in four 

different para-cycling divisions, namely cycling, handcycle, tandem and tricycle. We 

identified several practical matters regarding the Athlete, the Interface, the Equipment, and 

the Impairment, that might help coaches and elite athletes to improve performance. We 

conclude that research on para-cycling performance faces some serious challenges, which 

are described below. 

One of the challenges of this research field is that the number of athletes per sports class 

per nation is very low. Therefore, studies with athletes from one nation will include only a 

limited number of elite athletes per sports class and type of impairment, resulting in studies 

that will probably be underpowered. For example, Boer and Terblanche (2014); Burkett and 

Mellifont (2008); Kennedy et al. (2018) used athletes from different divisions for their study, 

which makes it hard to interpret the results. However, a few studies managed to include 

large numbers of athletes per sports class, which were studies performed during UCI World 

Cup events and UCI World Championships (Liljedahl et al., 2023; Muchaxo et al., 2021; 

Muchaxo et al., 2022; Muchaxo et al., 2023; Nooijen et al., 2021). This collaboration with 

the UCI makes it possible to include and analyze a large and diverse group of well-trained, 

elite, and even World-class athletes and produce meaningful results. The UCI should 

continue to stimulate international research collaborations, that can do measurements with 

athletes from different countries, to grow para-cycling as a sport by increasing the body of 

knowledge.  

A second challenge of this research field is that large individual differences among 

athletes exist. Although this is inherent to Paralympic sports, these large individual 

differences make it more difficult to interpret results than when these were derived from a 

homogenous group of athletes. For example, even with research with athletes within the 

same para-cycling division it is difficult to compare individual athletes, as the participants 

of one study may have SCI, CP, transfemoral amputation, or paralyzed lower legs (De Groot 

et al., 2023), or bilateral in the knee amputation, triple amputation, and paraplegia from T1-

T10 (Nevin & Smith, 2021a). That is one of the reasons why some authors choose to also 

conduct research including more homogenous groups without disabilities, for example to 

evaluate different training programs (Schoenmakers et al., 2016). However, groups without 

disabilities are mostly not well-trained and might therefore have a different technique or 

specific fitness than well-trained or elite athletes. Again, when it comes to performance 

enhancement research, it would be optimal to include large groups of homogenous Para-

athletes which could be accomplished through international collaboration. The UCI can 

improve the quality and relevance of research projects by helping the researcher in the 

recruitment of participating cyclists (Tweedy et al., 2016).  

Training studies are difficult to conduct, and in a Paralympic setting even more so, as 

the numbers are smaller than in sports without disabilities and the impairments are so 

diverse that individual adaptations might be more diverse than in a more homogenous group 

without disabilities. Results from training studies that were included in this review therefore 

need to be approached with caution.  

Furthermore, it has been found that interventions from research with athletes without 

disabilities (e.g. respiratory muscle endurance training and nitrate ingestion) do not always 

sort similar effects in para-cyclists (Fischer et al., 2014; Flueck et al., 2019). Even more, a 

single intervention (respiratory warm-up) that was successful in sports with athletes without 

disabilities (Lin et al., 2007), produced negative results in para-cycling (Leicht et al., 2010). 
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Possible reasons for this are that the adapted protocol for athletes without disabilities was 

too strenuous or too light for the cyclists involved. Researchers need to beware of the fitness 

level of the cyclists and adapt the protocol to their level.  

Female participants were underrepresented in para-cycling research (19% female), 

which could be attributed to the lower number of competitive female para-cyclists (27% 

female) when compared to male competitive para-cyclists (Borg et al., 2022; Lima et al., 

2021; Muchaxo et al., 2021; Wright, 2015). However, this ratio of competitive female vs male 

para-cyclists is comparable to the ratio of WorldTour cyclists (26% vs 74% respectively, 

www.uci.ch). Nevertheless, this phenomenon is seen across sport science research (Costello 

et al., 2014). This raises several challenges, such as translating mainly male research findings 

to female applications. These translations of findings are not trivial, considering the 

biological differences between the two groups. This could result in differences in propulsion 

techniques and gross mechanical efficiency (Chaikhot et al., 2018). Therefore, more studies 

with female participants and with a clear distinction between female and male results should 

be encouraged. 

Research gaps 

Although the number of performance related studies in para-cycling is increasing, the 

research topics, study designs, performance measures, and number of participants have 

been diverse, and research on para-cycling has only been scratching the surface of what is 

possible and needed to increase performance and to develop the sport (Dyer, 2016; 

Kraaijenbrink et al., 2021; Nevin et al., 2022; Stephenson et al., 2021). Defining research 

gaps here might help coaches and researchers, but also governing bodies, to structure their 

own research program.  

Athlete 

There were several observational studies and case studies with well-trained, elite, or 

World-class para-cyclists. Many of these studies used time trial performance as performance 

indicator. However, to gain more knowledge about the athletes themselves, para-cycling 

needs more studies that describe physiological, biomechanical, and psychological 

characteristics of the athletes, so these characteristics can be used to identify benchmarks 

for talent identification, talent development, training, and selection (Messias et al., 2017; 

Zhao et al., 2019). The results in these studies should distinguish sex, division, performance 

level, and sports class in the results, so practitioners would be able to recognize performance 

indicators for each sub-group. 

While minimally impaired athletes might use research and practice on athletes without 

disabilities for their training programs, e.g., athletes with an SCI might require a different 

approach on training, as their exercise capacity is inversely related to their lesion level (see 

Theisen (2012) for an overview on exercise capacity in Paralympic athletes with an SCI). It 

is possible that a training program for cyclists without disability might not work or work not 

as well in this group (Alves et al., 2021), and more research is needed on the training 

intensity distribution of the severely impaired para-cyclists. Furthermore, more studies on 

training cyclists with an impairment in general are needed, preferably through randomized 

controlled trials, although getting enough participants could be challenging. A mixed 

approach, where research with athletes without disabilities is done first to learn more about 

a specific training strategy, followed by a specific study with para-cyclists, might be the best 

approach to manage the small numbers of para-cyclists. However, we have not seen this 

strategy applied yet.   

Pacing is the goal directed distribution and management of effort across the duration of 

an exercise bout (Edwards & Polman, 2012) and can be seen as a process of decision-making 



European Journal of Adapted Physical Activity 2024, 17, 2; doi: 10.5507/euj.2023.009  27 of 39 

eujapa.upol.cz 

related to when and how to distribute energy over the race (Smits et al., 2014). In sports with 

athletes without disabilities it is well known that pacing can significantly influence 

performance outcomes (Abbiss & Laursen, 2008). However, in para-cycling, we could only 

find one study on pacing behaviour (Wright, 2015). More research on pacing and other 

competition factors in para-cycling such as tactics and the impact of racing against other 

competitors, would be of interest to further improve performance (Konings & Hettinga, 

2018), especially since the complex skill of pacing has been found to be impaired when 

cognitive functions are impaired (Van Biesen et al., 2016). 

There is a nutritional research gap in para-cycling, as we find very few studies on para-

cyclists’ body composition and nutritional needs, and on the effects of ergogenic 

supplements, such as caffeine and nitrate, on performance. The latter has been well studied 

in sports with athletes without disabilities (Shen et al., 2019), but the effects of the 

supplements on para-cycling performance remain unclear, as we found only one study on 

nitrates in handcycling (Flueck et al., 2019), and two studies on caffeine in handcycling, with 

opposite conclusions (Graham-Paulson et al., 2016, 2018). Para-cyclists can have different 

nutritional needs when compared to cyclists without disabilities, due to differences in body 

composition, metabolism, training load and habitual activity (Scaramella et al., 2018), but 

there is a lack of research on how to advise nutritional intake to improve performance in 

para-cyclists. This raises concerns, as para-athletes tend to have a high consumption of 

supplements (Madden et al., 2017) and medication use through therapeutic use exemptions 

(Alexander et al., 2022), but still fail to meet recommended daily requirements on certain 

micronutrients (Madden et al., 2017).  

Interface 

We found 21 studies that focused on optimizing the rider-bike interface, mainly on 

handcycling. However, the results remain inconclusive, as most studies included 

participants without disabilities, as these are probably easier recruitable to the researcher. 

Also, on some occasions the handcycles used were quite different from the handcycles used 

by competitive handcyclists, as these were probably the handcycles available at the lab. More 

research is needed on handcycling configuration with race handcycles and well-trained or 

better handcyclists. Furthermore, scientific knowledge on how to adapt bicycles and tricycles 

for specific disabilities is lacking. We think para-cycling could benefit from an overview of 

practical, innovative, and science-based solutions for the different bike fitting problems, 

compiled by researchers and practitioners in the field. Preferably through a website with 

photos and descriptions of various impairments and the practical solutions.  

For tandem cycling, the Interface is not only between the cyclist and the bike, but also 

between the pilot and the stoker. A first attempt to describe their mechanical interaction was 

done by Mohammadi-Abdar et al. (2014), but more research is needed to understand the 

interaction between pilot and stoker and how this interaction is related to overall 

performance. This requires measuring pedal force of pilot and stoker during cycling. 

Equipment 

Based on the studies we found on air resistance, the linear transformation from cycling 

without disabilities to para-cycling is not valid. For example, the best compromise between 

aerodynamics and stability in handcycling seems to be a front disc wheel in combination 

with rear spoked wheels (Mannion et al., 2018b; Mannion et al., 2019e). However, this is 

contrary to the advice often given to cyclists in road cycling time trials, where a spoked front 

wheel and disc rear wheel is considered to be the best compromise between aerodynamics 

and stability on the bicycle (Malizia & Blocken, 2020). Also, most cycling material is 

designed for use on regular single bicycles, so it is unknown what the effects of, for example, 
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helmets and clothing are on aerodynamics, when riding on a tandem or when lying down in 

a recumbent handcycle. Furthermore, tandem cycling research with computational fluid 

dynamics has used simulated copies for pilot and stoker, while varied sizes and anatomic 

features for pilot and stoker would be more realistic. More research on the aerodynamics of 

these specific bicycles such as the tandem, and tricycles, such as the handcycle and tribike, 

but also on the effects of specific adaptations to a regular race bicycle, are needed. When 

these studies are done with computational fluid dynamics, attention should be paid to 

inclusion of more realism regarding rotational parts, surface smoothness, and athletes on 

the bike. 

The drive chain efficiency is one aspect of the power balance model, as it determines 

how much of the external generated power is transferred to the environment for propulsion. 

However, it may be that in tandem cycling or handcycling this is different from a normal 

race bicycle due to the double chain or longer chain. Yet, no information was found on the 

drive chain efficiency of tandems and handcycles. Future studies should focus on 

determining the drive chain efficiency for tandem and handcycle, to get more realistic 

models and determine performance improvements through minimizing power loss.  

Impairment 

There are several very recent studies on impairment and sports class differences, with 

the goal to improve the classification process. These studies were done in collaboration with 

the UCI. This path of evidence-based classification, which was instigated by the 

International Paralympic Committee (Tweedy et al., 2014; Tweedy & Vanlandewijck, 2011), 

should be continued to improve the classification process in para-cycling, resulting in a more 

valid classification procedure. This is very important for the Paralympic sport in general and 

for para-cycling in particular, as it will result in more attractive sport for competitors and 

spectators, by controlling the impact of the impairment on the outcome of the race (Tweedy 

& Vanlandewijck, 2011). 

Different studies found that the performance in para-cycling is hierarchical for the 

athletes with greatest impairments, while no performance differences were found for the 

athletes with the least impairment (Borg et al., 2022; Muchaxo et al., 2020). This implies 

that the impact that the classification result has on the medal chances of an athlete that is 

classified in a class for athletes with a minor impairment (e.g. C5 instead of C4) is less than 

when an athlete is classified in a class for cyclists with the most severe impairments (e.g. H2 

instead of H1). 

 

Limitations 

This study is based on the choices made to include or exclude specific studies. Although 

we tried to be as thorough as possible, and the selection was done by two authors, blinded 

to each other, some of the selection criteria were more subjective than others. For example, 

one of the bases for eligibility was “performance enhancements that could have a direct 

impact on elite para-cycling performance.” This left the decision making open to 

interpretation and discussions may arise on why specific studies were included or not. Also, 

it must be noted that lessons learned from high performance cycling studies with athletes 

without disabilities were beyond the scope of this review. Therefore, this scoping review did 

not contain a complete overview of all relevant para-cycling performance enhancement 

studies, only those derived from a para-cycling environment.  

Perspectives 

To the authors knowledge, this is the first study that reviewed available literature on 

para-cycling, incorporating studies on all divisions and sport classes. It highlighted research 
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that has focused on para-cycling performance, but also revealed the many gaps in research 

that exist. This study found several practical matters regarding training, bike fitting, 

aerodynamics, and prosthetics design to help coaches and elite athletes to improve 

performance. However, the current state of the research is that results are scattered over 

many different areas and more research is needed in all sports classes to be able to provide 

evidence-based support for athlete and coach decision-making, and thereby enhance 

performance and develop the sport.  

Despite increased scientific attention towards specific divisions in para-cycling, mainly 

handcycling (Kraaijenbrink et al. (2021); Nevin et al. (2022); Stephenson et al. (2021)), 

major research gaps were found. Therefore, eight gaps were identified that need to be 

prioritized. These gaps are a lack of 1) observational studies of physiological, biomechanical, 

and psychological characteristics of well-trained, elite and World-class cyclists, 2) 

interventional training studies with sufficient statistical power on athletes with a more 

severe impairment, 3) research on body composition and nutritional needs, 4) research on 

pacing, 5) research on optimizing bike configuration in para-cycling, 6) research on 

optimizing para-cycling specific equipment and reducing air resistance, 7) research on drive 

chain efficiency in handcycling and tandems, and 8) research on impairments to improve 

the classification process. Collaboration between researchers, coaches, and governing bodies 

is required to fill these gaps in knowledge. 
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Appendix A – Search terms and results. 

Database Keywords Found Duplicates 

SportDiscus Para-cycling OR paracycling OR (paralympic AND 

cycling) OR para-cyclists OR (paralympic AND cyclist) 
NOT spectrometry NOT cell NOT genome  Excluding 

magazines 

97  

handbike OR handcycle OR handcyclist* OR 
handcycling OR handbiking OR (“hand cycling”) OR 

(“hand cycle”) (limits: academic journals and books)  

174 

(tandem AND cycling) OR (tandem AND bike) OR 

(tandem AND bicycle) OR (tandem AND cyclist) 

39 

(Amputation AND cycling) OR (amputation AND 

cyclist) OR (amputee AND cycling) OR (amputee AND 

cyclist) OR (prostheses AND cycling) OR (prostheses 

AND cyclist) OR (prosthesis AND cycling) OR 
(prosthesis AND cyclist) OR (prosthetic AND cycling) 

63 
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OR (prosthetic AND cyclist) NOT spectrometry NOT 

cell NOT genome ; (limits: academic journals and 
books) 

(Cerebral AND Palsy AND cycling) OR (Cerebral AND 

Palsy AND cyclist*) NOT (children or kids or youth or 

child) 

27 

Tricycling OR tricycle OR tribike OR tricyclist* NOT 

(children or kids or youth or child) 

 

37 

Total 437 

Pubmed Para-cycling[tiab] OR paracycling[tiab] OR (paralympic 

AND cycling[tiab]) OR para-cyclist*[tiab] OR 

(paralympic AND cyclist[tiab]) 

 78  

Handbike*[tiab] OR handcycle*[tiab] OR 
handcyclist*[tiab] OR handcycling[tiab] OR 

handbiking[tiab] OR ("hand cycling") OR ("hand 

cycle") 

192 

(tandem*[tiab] AND cycling[tiab]) OR (tandem*[tiab] 

AND bike*[tiab]) OR (tandem*[tiab] AND 

bicycle*[tiab]) OR (tandem*[tiab] AND cyclist*[tiab]) 

AND sport 

27 

(Amputation[tiab]  AND cycling[tiab]) OR 

(amputation[tiab]  AND cyclist[tiab]) OR 

(amputee[tiab]  AND cycling[tiab]) OR (amputee[tiab]  
AND cyclist*[tiab]) OR (prostheses[tiab]  AND 

cycling[tiab]) OR (prostheses[tiab]  AND 

cyclist*[tiab]) OR (prosthesis[tiab]  AND cycling[tiab]) 

OR (prosthesis[tiab]  AND cyclist*[tiab]) OR 
(prosthetic*[tiab]  AND cycling[tiab]) OR 

(prosthetic*[tiab]  AND cyclist*[tiab]) AND sport 

63 

Cerebral Palsy cycling[tiab] OR Cerebral Palsy 
cyclist*[tiab] NOT children 

17 

Tricycling[tiab] OR tricycle*[tiab] OR tribike*[tiab] OR 

tricyclist*[tiab] AND sport 

34 

Total 411 

Medline Para-cycling OR paracycling OR (paralympic AND 
cycling) OR para-cyclist*OR (paralympic AND 

cyclist*)  

49  

handbike OR handcycle OR handcyclist* OR 
handcycling OR handbiking OR (“hand cycling”) OR 

(“hand cycle”) (8-7-2020) 

140 

(tandem AND cycling) OR (tandem AND bike*) OR 

(tandem AND bicycle*) OR (tandem AND cyclist*) 
AND sport 

45 

((Amputation AND cycling) OR (amputation AND 

cyclist*) OR (amputee AND cycling) OR (amputee 

AND cyclist*) OR (prostheses AND cycling) OR 
(prostheses AND cyclist*) OR (prosthesis AND 

cycling) OR (prosthesis AND cyclist*) OR (prosthetic 

AND cycling) OR (prosthetic AND cyclist*))  AND 
sport 

219 

((Cerebral AND Palsy AND cycling) OR (Cerebral 

AND Palsy AND cyclist)) AND sport 

422 

(Tricycling OR tricycle* OR tribike* OR tricyclist*) 
AND sport 

724 
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Total 1599 

Scopus Para-cycling OR paracycling OR (paralympic AND 
cycling) OR para-cyclist OR (paralympic AND cyclist) 

130  

handbike OR handcycle OR handcyclist* OR 

handcycling OR handbiking OR (“hand cycling”) OR 

(“hand cycle”) (8-7-2020) 

338 

((tandem AND cycling) OR (tandem AND bike) OR 

(tandem AND bicycle) OR (tandem AND cyclist)) AND 

sport 

68 

((Amputation AND cycling) OR (amputation AND 
cyclist) OR (amputee AND cycling) OR (amputee AND 

cyclist) OR (prostheses AND cycling) OR (prostheses 

AND cyclist*) OR (prosthesis AND cycling) OR 
(prosthesis AND cyclist) OR (prosthetic AND cycling) 

OR (prosthetic AND cyclist)) AND sport 

339 

((Cerebral AND Palsy AND cycling) OR (Cerebral 

AND Palsy AND cyclist)) AND sport NOT children 

28 

(Tricycling OR tricycle OR tribike OR tricyclist) AND 

sport 

23 

Total 926 

Total  3373 1116 
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